from this study are tabulated in the main paper and in the supplementary materials. Sequencing data from the RNA sequencing and iCLIP experiments have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible under GEO Series accession number GSE78249 (www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE78249 4 Yang Liao, 5, 6 Benjamin Nota, 7 Cyril Seillet, 5, 6 Ali Zaid, 1 Kevin Man, 5, 6 Simon Preston, 5, 6 David Freestone, 1 Asolina Braun, 1 Erica Wynne-Jones, 1 Felix M. Behr, 4, 5, 6, 8 Regina Stark, 4 Daniel G. Pellicci, 1,2 Dale I. Godfrey, 1,2 Gabrielle T. Belz, 5, 6 Marc Pellegrini, 5, 6 Thomas Gebhardt, 1 Meinrad Busslinger, 3 Wei Shi, 5, 9 Francis R. Carbone, W e recently identified a core set of genes specifically associated with tissue residency of CD8 T cells (1) . Genes upregulated in Trm cells included Zfp683 (LOC100503878), also termed "homolog of Blimp1 in T cells" (Hobit), a transcription factor that we previously identified in NKT cells (2) . Virus-specific CD8 T cells in skin, but not spleen, after herpes simplex virus (HSV) infection expressed large amounts of Hobit transcripts (Fig. 1A) . Hobit expression in skin T cells was low at day 8 and high by day 30 postinfection (p.i.) (Fig. 1A) . This was in contrast to Prdm1 (hereafter, Blimp1), which peaked at day 8 p.i. and persisted at lower levels in splenic and skin memory CD8 T cells (Fig. 1B) . Similarly, after acute infection with lymphocytic choriomeningitis virus (LCMV), Hobit was specifically induced in gut Trm cells, whereas Blimp1 was expressed ubiquitously in memory CD8 T cells ( fig. S1 , A and B). Thus, within the CD8 T cell lineage, Hobit is expressed in a Trm-specific manner.
To examine the function of Hobit and Blimp1 in Trm cell differentiation, we used a mouse model to generate skin Trm cells, by the intradermal injection of activated CD8 T cells, as previously described (1) . After transfer, wild-type (WT) CD8 T cells persisted in skin and acquired a Trm phenotype (Fig. 1, C and D, and fig. S2A ). Cotransferred Hobit-deficient CD8 T cells were reduced in skin, despite similar maintenance in spleen, as compared with WT cells (Fig. 1C) , which suggested that Hobit was specifically required for Trm cell development. Blimp1 was not essential for skin Trm cell formation by itself, but collaborated with Hobit in a synergistic manner (Fig. 1C and fig. S2, A and B) . Residual Hobit and Blimp1 doubly deficient [double-knockout (DKO)] CD8 T cells in the skin displayed reduced surface expression of Trm cell-associated molecules compared with WT CD8 T cells (Fig. 1D and fig. S2C ). To study Trm cell development during viral infection, we infected mice with HSV and analyzed endogenous CD8 T cell responses. We used mixedbone marrow (BM) chimeric mice, containing WT and mutant compartments at a 1:1 ratio, to minimize indirect effects through differences in viral clearance. This ratio was largely maintained in the antigen-specific CD8 T cells, regardless of location at the peak of the T cell response (Fig.  1E ). In line with previous findings (3, 4), Blimp1, but not Hobit, was required for the formation of short-lived effectors and granzyme B expression, which resulted in increased proportions of Blimp1-deficient memory precursors ( fig. S3 , A and B, and fig. S4 , A to G) and memory CD8 T cells (Fig. 1, E and F) . The combined loss of Hobit and Blimp1 strongly compromised development of skin Trm cells but not of circulating memory cells (Fig. 1, E Tissue residency has also been described for innate lymphocytes, including subpopulations of NK and NKT cells (5) (6) (7) (8) . Tissue-resident NK (trNK) cells in the liver, also known as type 1 innate lymphoid cells (ILC1), can be distinguished from conventional NK (cNK) cells through expression of the Trm cell-associated molecules CD49a and CD69 (7, (9) (10) (11) . Liver trNK cells expressed Hobit to a similar extent as NKT cells, whereas cNK cells did not ( Fig. 2A) . In contrast, Blimp1 was highly expressed in circulating cNK cells compared with trNK and NKT cells (Fig. 2B  and fig. S6A ). In line with this expression pattern, trNK cells in liver, but not cNK cells in liver or spleen, were Hobit dependent (Fig. 2 , C to E, and fig. S6B ). In contrast, cNK cells in liver were dependent on Blimp1, as previously shown (12) . NKT cells are maintained as resident cells in thymus, spleen, and liver (5, 8) . As were Trm cells, NKT cells were largely positive for CD49a and CD69 (fig. S7, A and B) and expressed Hobit and Blimp1 ( Fig. 2A and fig. S7C ). Numbers of splenic and liver NKT cells were not substantially different in mice lacking either Hobit or Blimp1. In contrast, NKT cells lacking both Hobit and Blimp1 were reduced in liver, but not spleen, a phenotype that was exacerbated in a competitive setting ( In line with a recent report (13) , LCMV induced the differentiation of Trm-phenotype CD8 T cells in the liver that lacked CD103 expression (Fig. 3,  A and B, and fig. S10, A to D S11, A and B) . Overexpression of T-bet induced Hobit expression ( fig. S11 , B and C), which suggested that T-bet was both essential and sufficient. In contrast, Blimp1 expression is not induced by IL-15 or T-bet (18 results from three to six mice per group; data in (C) and (D) are pooled from two independent experiments with six to eight mice per time point; data in (E) and (F) are representative of two independent experiments with four or five mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by twotailed Student's t test (C) or by one-sample Student's t test (E). Error bars denote means ± SEM. , pooled results with three mice per group; (C) to (E), pooled results from two independent experiments of 6 to 7 mice per group; (F), pooled from three independent experiments with 6 to 11 mice per group; and (G), pooled from four independent experiments with 6 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by twotailed Student's t test (D) and (E), by one-way ANOVA (F), or by one-sample Student's t test (G). Error bars denote means ± SEM. their circulating counterparts ( fig. S14, A to C) , which suggested that innate and adaptive lymphocytes establish tissue residency in a similar manner. We identified 30 genes, whose expression pattern was specifically associated with tissue residency independent of lineage or tissue of origin (Fig. 3E) . This signature included genes required for tissue egress, such as Klf2 and S1pr1, which were tightly down-regulated in resident populations (Fig. 3E) . Similarly, down-regulation of Tcf7, encoding transcription factor TCF1 and associated with development of circulating memory (20) (21) (22) , was a common feature of resident lymphocyte populations (Fig. 3E) . Note that Hobit was the only transcription factor specifically upregulated in this gene set (Fig. 3E) , which underlined its unique position in the transcriptional regulation of tissue-resident lymphocytes.
Hobit and Blimp1 are highly homologous in their DNA-binding zinc finger domains (2, 23) , which suggested overlapping roles in transcriptional regulation. To determine how Hobit and Blimp1 control tissue residency, we used cultured NKT cells that expressed large amounts of Hobit and Blimp1 compared with similarly cultured CD8 T cells (fig. S15A) . Consistent with the phenotype of tissue-resident cells, WT NKT cells expressed CD69, whereas NKT cells lacking Hobit and Blimp1 did not (fig. S15B) . The combined loss of Hobit and Blimp1 caused the deregulated expression of a large number of genes (Fig. 4A) , which suggested that Hobit and Blimp1 coregulate gene expression in a highly synergistic manner. Signature genes of tissue residency were enriched within Hobit-and Blimp1-regulated genes and included Klf2, S1pr1, and Tcf7, which were derepressed in the combined absence of Hobit and Blimp1 (Fig. 4B; fig. S15C; and fig. S16 , A and B). We also observed derepression of Ccr7 (Fig. 4B and fig. S16C ), which is required for lymphocyte egress from peripheral tissues (24, 25) . WT NKT cells did not migrate toward S1P, the ligand for sphingosine-1-phosphate receptor 1 (S1PR1), or CCL21, the ligand for CCR7. In contrast, NKT cells lacking both Blimp1 and Hobit were highly responsive to both chemotactic stimuli (Fig. 4, C and D) . In line with this migratory behavior, Hobit and Blimp1 DKO NKT cells localized preferentially to the white pulp and were largely absent from the red pulp of spleen ( fig. S16, D to G) . To identify directly regulated genes, we performed chromatin immunoprecipitation (ChIP) sequencing using CD8 T cells expressing biotin-tagged Blimp1 (26) or V5-tagged Hobit. We identified 4510 genome-wide binding sites for Blimp1, which could be assigned to 3241 genes. Hobit bound 404 sites, >50% of which overlapped with Blimp1 ( fig. S17 ). Note that 78% of the 199 genes bound by Hobit were also bound by Blimp1, whereas 31% of the genes deregulated in the absence of Hobit and Blimp1 were bound by Hobit, Blimp1, or both (Fig. 4E ). Hobit and Blimp1 used nearly identical binding motifs (Fig. 4F) , which supports the notion of extensive cooperation between both factors. Hobit and Blimp1 bound target sequences within the S1pr1, Ccr7, and Tcf7 loci, which suggested direct repression of these genes (Fig. 4G) . In addition, Blimp1, but not Hobit, bound within the Klf2 locus (Fig. 4G) . Thus, Hobit and Blimp1 mediate a transcriptional program of tissue residency that is shared among Trm, trNK, and NKT cells and includes the suppression of tissue egress genes.
The recent recognition of Trm cells as essential sentinels at barrier tissues (27) (28) (29) (30) highlights the importance of understanding their development. We have characterized a universal transcriptional program of tissue residency that is shared between adaptive and innate lymphocytes at both epithelial and nonepithelial sites. Our findings reveal the central roles of Hobit and Blimp1 in the establishment of tissue residency and indicate that they function by silencing lymphocyte egress from the tissues and by repressing the development of circulating memory cells. The key insights into the transcriptional regulation of Trm cells within this study may assist in the manipulation of tissue-resident memory for the development of vaccine strategies to improve localized immunity.
